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Abstract 

This Letter reports a measurement of the exclusive yy {£ - e, fi) cross-section in 

proton-proton collisions at a centre-of-mass energy of 7 TeV by the ATLAS experiment 
at the LHC, based on an integrated luminosity of 4.6 fb”*. For the electron or muon pairs 
satisfying exclusive selection criteria, a fit to the dilepton acoplanarity distribution is used to 
extract the fiducial cross-secfions. The cross-secfion in fhe elecfron channel is defermined fo 
be cr^“_l;g+g- = 0.428 + 0.035 (sfaf.) + 0.018 (sysf.) pb for a phase-space region wifh invarianf 
mass of fhe elecfron pairs greafer fhan 24 GeV, in which bofh elecfrons have fransverse 
momenfum pj > 12 GeV and pseudorapidify \r]\ < 2.4. For muon pairs wifh invarianf mass 
greafer fhan 20 GeV, muon fransverse momenfum pj > 10 GeV and pseudorapidify \r]\ < 
2.4, fhe cross-secfion is defermined fo be - 0.628 + 0.032 (sfaf.) + 0.021 (sysf.) pb. 

When profon absorpfive effecfs due fo fhe finife size of fhe proton are faken info accounf in 
fhe fheory calculafion, fhe measured cross-secfions are found fo be consisfenf wifh fhe fheory 
prediction. 
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1 Introduction 

A considerable fraction of proton-proton (pp) collisions at high energies involve reactions mediated 
by photons. This fraction is dominated by elastic scattering, with a single photon exchange. Quasi-real 
photons can also be emitted by both protons, with a variety of final states produced. In these processes the 
pp collision can be then considered as a photon-photon (yy) collision. At the LHC, these reactions can 
be studied at energies well beyond the electroweak energy scale [1]. The cross-section of the ppiyy) —> 
process has been predicted to increase with energy [2] and constitutes a non-negligible background 
to Drell-Yan (DY) reactions [3] . 

The exclusive two-photon production of lepton pairs (ppiyy) —> (*i~pp, referred to as exclusive yy —> 
can be calculated in the framework of quantum electrodynamics (QED) [4, 5], within uncertainties 
of less than 2% associated with the proton elastic form-factors. Exclusive dilepton events have a clean 
signature that helps discriminate them from background: there are only two identified muons or elecfrons, 
wifhouf any ofher acfivify in fhe cenfral defectors, and fhe leptons are back-to-back in azimufhal angle. 
Eurfhermore, due fo fhe very small photon virfualifies involved, fhe incidenf protons are scaffered af almosf 
zero-degree angles. Consequenfly, fhe measuremenf of exclusive yy —> reactions was proposed 

for precise absolufe luminosify measuremenf af hadron colliders [5-8]. However, fhis process requires 
significanf corrections (of fhe order of 20%) due fo addifional inferacfions befween fhe elasfically scaffered 
protons [9, 10]. 

Af hadron colliders exclusive yy —> evenfs have been observed in ep collisions af HERA [11], in pp 
collisions af fhe Tevafron [12-14] and in nucleus-nucleus collisions af RHIC [15, 16] and fhe EHC [17]. 
The exclusive fwo-phofon producfion of lepfon pairs in pp collisions af fhe EHC was sfudied recenfly by 
fhe CMS collaboration [18, 19]. 

This Eeffer reporfs a measuremenf of exclusive dilepfon production in pp collisions af = 7 TeV. The 
measuremenf of exclusive dilepfon producfion cross-section is compared fo fhe QED-based prediction 
wifh and wifhouf profon absorptive correcfions. 
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2 The ATLAS detector 


The ATLAS experiment [20] at the LHC is a multi-purpose particle detector with a forward-backward 
symmetric cylindrical geometry and nearly An coverage in solid angle. ^ It consists of inner tracking 
devices surrounded by a superconducting solenoid, electromagnetic and hadronic calorimeters, and a 
muon spectrometer. The inner detector (ID) provides charged-particle tracking in the pseudorapidity 
region \t]\ < 2.5 and vertex reconstruction. It comprises a silicon pixel detector, a silicon microstrip 
tracker, and a straw-tube transition radiation tracker. The ID is surrounded by a solenoid that produces a 
2 T axial magnetic field. Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) 
energy measurements with high granularity. A hadron (iron/scintillator-tile) calorimeter covers the central 
pseudorapidity range \r]\ <1.7. The end-cap and forward regions are instrumented with LAr calorimeters 
for both the EM and hadronic energy measurements up to \r]\ - 4.9. The muon spectrometer (MS) is 
operated in a magnetic field provided by air-core superconducting toroids and includes tracking chambers 
for precise muon momentum measurements up to I 77 I = 2.7 and trigger chambers covering the range 
I 77 I < 2.4. 

A three-level trigger system is used to select interesting events. The first level is implemented in custom 
electronics and is followed by two software-based trigger levels, referred to collectively as the High-Eevel 
Trigger. 


3 Theoretical background and event simulation 


Calculations of the cross-section for exclusive two-photon production of lepton pairs in pp collisions 
are based on the Equivalent Photon Approximation (EPA) [4, 5, 21-24]. The EPA relies on the property 
that the EM field of a charged particle, here a proton, moving at high velocity becomes more and more 
transverse with respect to the direction of propagation. As a consequence, an observer in the laboratory 
frame cannot distinguish between the EM field of a relativistic proton and the transverse component of the 
EM field associated with equivalent photons. Therefore, using the EPA, the cross-section for the reaction 
above can be written as 


cr 


EPA 

pp(yy)^£+i-pp 



P{X\) P{X2) 0-yy^£+{-{m%f- 


) dxi dx2 , 


where Pixi) and P{x 2 ) are the equivalent photon spectra for the protons, xi and X 2 are the fractions of the 
proton energy carried away by the emitted photons and m(+£- is the invariant mass of the lepton pair. These 
variables are related by = X 1 X 2 where s is the pp centre-of-mass energy squared. The symbol 

(Tyy^{+{- refers to the cross-section for the QED sub-process. As discussed previously, the photons are 
quasi-real, which means that their virtuality ^ is very small compared to . In this kinematic region 
the EPA gives the same predictions as full leading-order (EO) QED calculations [4, 5]. 


In the reaction pp{yy) —> X the protons scattering can be: elastic, X - pp-, single-dissociative, X = 
pX'-, or double-dissociative, X = X'X" (the symbols X', X" denote any additional final state produced in 


* ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector and 
the z-axis coinciding with the axis of the beam pipe. The x-axis points from the interaction point to the centre of the LHC 
ring, and the (/-axis points upward. The pseudorapidity is defined in terms of the polar angle 6 as ;/ = - In tan(6/2), and (j) is 
the azimuthal angle around the beam pipe with respect to the x-axis. The angular distance is defined as AR = -y/(A(/)^ + (A4>P- 
The transverse momentum is defined relative to the beam axis. 
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the event). Unless both outgoing protons are detected, the proton dissociative events form an irreducible 
background to the fully elastic production. 

Such photon-induced reactions, in particular exclusive yy —> production, require significant correc¬ 

tions due to proton absorptive effects. These effects are mainly related to pp strong-interaction exchanges 
that accompany the two-photon interaction and that lead to the production of additional hadrons in the 
final sfafe. Recenf phenomenological sfudies suggesf fhaf fhe exclusive yy —> cross-secfion is 

suppressed by a factor fhaf depends on fhe mass and rapidify of fhe system produced [10]. For fhe kin¬ 
ematic range relevanf for Ibis measuremenf fhe suppression faclor is abouf 20%. This facfor includes bofh 
fhe sfrong pp absorpfive correcfion (~8% suppression) and fhe phofon-profon (yp) coherence condition 
{byp > Tp, where byp is fhe yp impacf parameter and rp fhe fransverse size of fhe profon). 

Simulated even! samples are generafed in order to esfimafe fhe background and fo correcf fhe signal 
yields for defecfor effecls. The signal even! samples for exclusive yy —> production are generafed 

using fhe HERWio-i-t 2.6.3 [25] Monte Carlo (MC) even! generafor, which implemenfs fhe EPA formalism 
in pp collisions. The dominanf background, photon-induced single-dissociafive dilepfon producfion, is 
simulafed using Lpair 4.0 [26] wifh fhe Brasse [27] and Suri-Yennie [28] sfrucfure funclions for profon 
dissociafion. For phofon virfualifies < 5 GeV^ and masses of fhe dissociafing sysfem, mf^ < 2 GeV, 
low-mulfiplicify sfafes from fhe producfion and decays of A resonances are usually creafed. For higher 
or nif^, fhe sysfem decays fo a variefy of resonances, which produce a large number of forward particles. 
The Fpair package is interfaced fo JetSet 7.408 [29], where fhe Fund [30] fragmenfafion model is im¬ 
plemented. The Herwig-i-i- and Fpair generators do nol include any correcfions fo accounf for profon 
absorpfive effecfs. 

For double-dissociative reactions, Pythia 8.175 [31] is used wifh fhe NNPDF2.3QED [32] parfon disfribu- 
fion funclions (PDF). The NNPDF2.3QED sel uses FO QED and nexl-fo-nexl-fo-leading-order (NNFO) 
QCD perlurbafive calculalions fo conslrucl fhe photon PDF, slarling from fhe inilial scale - 2 GeV^. 
Depending on fhe mulliplicily of fhe dissociafing sysfem, fhe defaull Pythia 8 siring or mini-siring frag- 
menlafion model is used for profon dissociation. The absorpfive effecls in double-dissociafive MC evenls 
are laken into accounf using fhe defaull multi-parfon inferacfions model in Pythia 8 [33]. 

The PowHEG 1.0 [34-36] MC generafor is used wifh fhe CTIO [37] PDF fo generate bofh fhe DY Z/y* —> 
e'''e“ and Z/y* p^p~ evenls. If is interfaced wifh Pythia 6.425 [38] using fhe CTEQ6F1 [39] PDF 
sel and fhe AUET2B [40] values of fhe lunable paramelers to simulafe fhe parfon shower and fhe un¬ 
derlying evenl (UE). These samples are referred fo as Powheg-i-Pythia. The DY Z/y* process 

is generated using Pythia 6.425 fogefher wifh fhe MRST FO* [41] PDF. The fransverse momenlum of 
lepton pairs in Powheg-i-Pythia samples is reweighfed fo a Resbos [42] prediction, which is found fo yield 
good agreemenl wifh fhe fransverse momenlum dislribulion of Z bosons observed in dala [43, 44]. The 
production of fop-quark pair {tt) evenls is modelled using MC@NFO 3.42 [45, 46] and diboson 
W-Z, ZZ) processes are simulafed using Herwig 6.520 [47]. The evenl generators used fo model Z/y*, 
tt and diboson reactions are inferfaced fo Photos 3.0 [48] to simulafe QED final-sfale radiafion (FSR) 
corrections. 

Multiple inferacfions per bunch crossing (pile-up) are accounled for by overlaying simulafed minimum- 
bias evenls, generafed wifh Pythia 6.425 using fhe AUET2B lune and CTEQ6F1 PDF, and reweighling 
fhe dislribulion of fhe average number of inferacfions per bunch crossing in MC simulation fo fhaf ob¬ 
served in dala. Furlhermore, fhe simulafed samples are weighted such fhaf fhe z-posilion dislribulion 
of reconslrucled pp inleraclion vertices malches fhe dislribulion observed in dala. The ATFAS defecfor 
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response is modelled using the GEANT4 toolkit [49, 50] and the same event reconstruction as that used 
for data is performed. 


4 Event reconstruction, preselection and background estimation 

The data used in this analysis were collected during the 2011 LHC pp run at a centre-of-mass energy of 
^[s = 1 TeV. After application of data-quality requirements, the total integrated luminosity is 4.6 fb“^ 
with an uncertainty of 1.8% [51]. Events from these pp collisions are selected by requiring at least one 
collision vertex with at least two charged-particle tracks with px > 400 MeV. Events are then required 
to have at least two lepton candidates (electrons or muons), as defined below. 

Events in the electron channel were selected online by requiring a single-electron or di-electron trigger. 
Eor the single-electron trigger, the transverse momentum threshold was increased during data-taking from 
20 GeV to 22 GeV in response to the increased LHC instantaneous luminosity. The di-electron trigger 
required a minimum transverse momentum of 12 GeV for each electron candidate. Electron candidates 
are reconstructed from energy deposits in the calorimeter matched to ID tracks. Electron reconstruction 
uses track refitting with a Gaussian-sum filter to be less sensitive to bremsstrahlung losses and improve 
the estimates of the electron track parameters [52, 53]. The electrons are required to have a transverse 
momentum > 12 GeV and pseudorapidity < 2.4 with the calorimeter barrel/end-cap transition 
region 1.37 < \r]^\ < 1.52 excluded. Electron candidates are required to meet “medium” identification 
criteria based on shower shape and track-quality variables [54]. 

Events in the muon channel were selected online by a single-muon or di-muon trigger, with a transverse 
momentum threshold of 18 GeV or 10 GeV, respectively. Muon candidates are identified by matching 
complete tracks in the MS to tracks in the ID [55], and are required to have p^ > 10 GeV and \rf\ < 2.4. 
Only isolated muons are selected by requiring the scalar sum of the px of the tracks with px > 1 GeV in 
a A/? = 0.2 cone around the muon to be less than 10% of the muon px. 

Di-electron (di-muon) events are selected by requiring two oppositely charged same-flavour leptons with 
an invariant mass rng+e- > 24 GeV for the electron channel and > 20 GeV for the muon channel. 
After these preselection requirements 1.57 x 10® di-electron and 2.42 x 10® di-muon candidate events are 
found in the data. 

The background to the exclusive signal includes contributions from single- and double-proton dissociative 
yy —> production, as well as Z/y*, diboson, tt and multi-jet production. The contribution from yy 

W"^W~ and yy processes is considered negligible. Single- and double-dissociative background 

contributions are estimated using MC simulations. The electroweak (Z/y*, diboson) and top-quark pair 
background contributions are also estimated from simulations and normalised to the respective inclusive 
cross-sections calculated at high orders in perturbative QCD (pQCD), as in Ref. [56]. Scale factors are 
applied to the simulated samples to correct for the small differences from dafa in the trigger, reconstruction 
and identification efficiencies for elecfrons and muons [54-56]. MC events are also corrected to take into 
account differences from data in lepton energy, momentum scale and resolution [55, 57]. 

The multi-jet background is determined using data-driven methods, similarly to Refs. [44, 58]. Eor the 
e'''e“ channel, the multi-jet sample is obtained by applying the full nominal preselection but requiring the 
electron candidates to not satisfy the medium identification criteria. Eor the p*‘p“ channel, it is extracted 
using same-charge muon pairs that satisfy the remaining preselection criteria. The normalisation of the 
multi-jet background is determined by fitting the invariant mass spectrum of the electron (muon) pair 
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in the data to a sum of expected contributions, including MC predictions of the signal and the other 
backgrounds. 


5 Exclusive event selection and signal extraction 

In order to select exclusive yy —> candidates, a veto on additional charged-particle track activity is 

applied. This exclusivity veto requires that no additional charged-particle tracks with pj > 400 MeV be 
associated with the dilepton vertex, and that no additional tracks or vertices be found within a 3 mm 
longitudinal isolation distance, from the dilepton vertex. These conditions are primarily motivated 
by the rejection of the Z/y* and multi-jet events, which typically have many tracks originating from the 
same vertex. 

The charged-particle multiplicity distribution in Z/y* MC events is reweighted to match the UE observed 
in data, following the same procedure as in Ref. [59]. Uncorrected Z/y* MC models overestimate the 
charged-particle multiplicity distributions observed in data by 50% for low-multiplicity events. In order 
to estimate the relevant weight, the events in the Z-peak region, defined as 70 GeV < rtif+i- < 105 GeV, 
are used. This region is expected to include a large DY component. The correction procedure also 
accounts for the effect of tracks originating from pile-up and ID track reconstruction inefficiency. The 
requiremenf of no addifional fracks associafed wifh fhe dilepfon verfex complefely removes mulfi-jef, tt, 
and diboson backgrounds. 

The Az™ disfribufion for evenfs wifh no addifional fracks af fhe dilepfon verfex is presenfed in Figure 1(a). 
The sfrucfure observed af small Azjftx values is due fo fhe verfex finding algorifhm, which identifies fhe 
verfex as fwo close vertices in high-mulfiplicify DY evenfs: fhe fwo-frack verfex formed from fhe lepfon 
fracks and fhe verfex from fhe UE fracks. The 3 mm cuf significanfly suppresses fhe DY background, af 
fhe cosf of a 26% reduction in signal yield. The inefficiency is relafed fo fracks and verfices originating 
from addifional pp inferacfions. 

Confribufions from fhe DY e'''e“ and p*'p~ processes can be further reduced by excluding evenfs wifh a 
dilepfon invarianf mass in fhe Z-peak region. The invarianf mass disfribufion of muon pairs for evenfs 
satisfying fhe exclusivify vefo (exacfly fwo fracks af fhe dilepfon verfex, Azj,*” > 3 mm) is presenfed 
in Figure 1(b) (where fhe excluded Z-peak region is indicafed by dashed lines). The figure shows fhaf 
fhe MC descripfion of fhe disfribufion is satisfactory. To furfher suppress fhe proton dissociafive 

backgrounds, fhe lepfon pair is required fo have small fofal fransverse momenfum (p^ ^ <1.5 GeV). 
This is shown in Figure 1(c), which displays fhe di-muon fransverse momenfum disfribufion for events 
outside the Z region that satisfy the exclusivity veto. The p^ ^ resolution below 1.5 GeV is approximately 
0.3 GeV for the electron channel and 0.2 GeV for the muon channel. 

The result of each step of the exclusive selection applied to the data, signal and background samples is 
shown in Table 1. After all selection criteria are applied, 869 events remain for the electron channel, 
and 2124 events are selected in the muon channel. From simulations, approximately half are expected to 
originate from exclusive production. The number of selected events in the data is below the expectation 
from the simulation, with an observed yield that is approximately 80% of the sum of simulated signal and 
background processes (see discussion in Section 7). 

After the final exclusive evenf selecfion, fhere is still a significanf confaminafion from DY, single- and 
double-dissociafive processes. Scaling facfors for signal and background processes are estimated by a 
binned maximum-likelihood fit of the sum of the simulated distributions contained in the MC templates 
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Figure 1: Illustration of exclusive event selection in the muon channel (see text), (a) Longitudinal distance between 
the di-muon vertex and any other tracks or vertices, (b) di-muon invariant mass, and (c) transverse momentum 
of the di-muon system, after application of subsequent selection criteria (indicated by the dashed lines). Data are 
shown as points with statistical error bars, while the histograms represent the expected signal and background levels, 
corrected using the scale factors described in the text. 


for the various processes, to the measured dilepton acoplanarity (1 - jn) distribution. The fit 

determines two scaling factors, defined as fhe rafios of fhe number of observed fo fhe number of expecfed 
evenfs based on fhe MC predicfions, for fhe exclusive (7?®’^'^* ) and single-dissociafive ) templafes. 

The double-dissociafive and DY confribufions are fixed fo fhe MC predicfions in fhe fif procedure. Con- 
fribufions from ofher background processes are found fo be negligible. 

Figure 2 shows fhe e''‘e“ and acoplanarify disttibufions in dafa overlaid wifh fhe resulf of fhe fif fo 
fhe shapes from MC simulafions for evenfs safisfying all selecfion requiremenfs. The resulfs from fhe 
besf fif fo fhe dafa for fhe elecfron channel are: - 0.863 ± 0.070 (sfaf.) for fhe signal scaling 

faclor and = 0.759 ± 0.080 (sfaf.) for fhe single-dissociafive scaling factor. Similarly, for fhe 

muon channel fhe resulfs are: + _ = 0.791 ± 0.041 (sfaf.) and - 0.762 ± 0.049 (sfaf.). 
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Table 1: Effect of sequential selection requirements on the number of events selected in data, compared to the 
number of predicted signal and background events for electron and muon channels. Predictions for exclusive and 
single-dissociative event yields do not take into account proton absorptive corrections. 
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Figure 2: (a) Di-electron and (b) di-muon acoplanarity distributions for the selected sample after exclusivity re¬ 
quirements. Data are shown as points with statistical error bars. The stacked histograms, in top-to-bottom order, 
represent the simulated exclusive signal, and the single-dissociative, double-dissociative and DY backgrounds. The 
exclusive and single-dissociative yields are determined from the fit described in the text. 

The central values and statistical uncertainties on are strongly correlated with the central values and 
uncertainties on respectively. 


6 Systematic uncertainties and cross-checks 

The different contributions to the systematic uncertainties are described below. The dominant sources of 
systematic uncertainty for both the electron and muon channels are related to background modelling. 

The uncertainty on the electron and muon selection includes uncertainties on the electron energy or muon 
momentum scale and resolution, as well as uncertainties on the scale factors applied to the simulation 






























in order to reproduce the trigger, reconstruction and identification efficiencies for electrons or muons 
measured in the data. The lepton energy or momentum scale correction uncertainties are obtained from a 
comparison of the Z boson invariant mass distribution in data and simulation, while the uncertainties on 
the scale factors are derived from a comparison of tag-and-probe results in data and simulations [54-57]. 
The overall effect on the exclusive yy —> cross-sections is approximately 1-3%, where the dominant 

electron uncertainties originate from the electron reconstruction and identification and the dominant muon 
uncertainty originates from the trigger. 

The uncertainty on the contribution of DY processes mainly accounts for disagreements between data and 
simulations which are related to the reweighting procedures of the charged-particle multiplicity (10%) and 
(5%) distributions. It also includes a 5% contribution for the PDF and scale uncertainties in model¬ 
ling DY processes, as well as a 5% statistical uncertainty on the Z/y* MC samples after event selection. 
An overall normalisation uncertainty of 20% is assigned to cover all these effects. Because of the similar 
shapes of the DY and single-proton dissociative yy —> components in the fitted acoplanarity distri¬ 

bution, this uncertainty on the DY normalisation is partly absorbed by the single-dissociative contribution. 
The 20% uncertainly has a 1.2% effect on the exclusive cross-section for the electron channel and 1% for 
the muon channel. 

In order to estimate the double-proton dissociative yy —> uncertainty, this contribution is var¬ 

ied according to the photon PDF uncertainties, defined at 68% confidence level and evaluated using 
NNPDF2.3QED replicas [32]. The photon PDF are affected by sizeable uncertainties, typically of the 
order of 50%. The resulting uncertainty on the exclusive cross-sections related to double-dissociative 
background uncertainty is 1.9% for the electron channel and 1.7% for the muon channel. 

The uncertainty arising from the choice of acoplanarity shapes in the fit procedure is evaluated by refitting 
the data with different template distributions. A small deviation of the proton elastic form-factors [60] 
from the standard dipole parameterisation used in the simulations has a 0.2% effect on the exclusive 
cross-sections. This effect is estimated by reweighting the equivalent photon spectra in signal MC events 
to agree with the model predictions. The impact of the shape uncertainty in the single-dissociative tem¬ 
plate is evaluated by reweighting the corresponding MC events with an exponential modification factor 
oc exp )^j. A value of a = 0.05 GeV~^ is extracted from the data (before the Pj^ <1.5 GeV 

selection) to improve the shape agreement with the simulation, shown in Figure 1(c). Propagating these 
weights to the acoplanarity distribution and the signal extraction results in a 0.9% change of signal 
yields. 

Possible mis-modelling of the angular resolution of the tracking detectors [61] measuring the lepton tracks 
could also distort the shape of the signal template, and leads to uncertainties of up to 0.3% (0.2%) in the 
electron (muon) channel. 

The systematic effect related to the pile-up description is estimated from data-to-MC comparisons of the 
Pt- and Ty-dependent density of tracks originating from pile-up, as in Ref. [59]. The resulting uncertainty 
on the cross-sections is 0.5%. 

The dilepton vertex isolation efficiency is studied by comparing the spatial distribution of tracks origin¬ 
ating from pile-up in MC simulations and in data. The effect of mis-modelling of the vertex isolation 
efficiency is determined by comparing the efficiency in data and simulations for different Az™ values 
(varied between 2 mm and 5 mm, where the sensitivity of the measurements to the level of background is 
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Table 2: Summary of systematic uncertainties on the exclusive cross-section measurement for the electron and 
muon channels. The data statistical uncertainties are also given for comparison. 
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Source of uncertainty 

yy —> e^e 

yy p+p- 

Electron reconstruction 



and identification efficiency 

1.9 

- 

Electron energy scale 



and resolution 

1.4 

- 

Electron trigger efficiency 

0.7 

- 

Muon reconstruction efficiency 

- 

0.2 

Muon momentum scale 



and resolution 

- 

0.5 

Muon trigger efficiency 

- 

0.6 

Backgrounds 

2.3 

2.0 

Template shapes 

1.0 

0.9 

Pile-up description 

0.5 
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- 
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1.8 

1.8 

Total systematic uncertainty 

4.3 

3.3 

Data statistical uncertainty 

8.2 

5.1 


maximal). The relative variations between the data and simulations are found to be at most 1.2%, which 
is taken as a systematic uncertainty. 

The LHC beam energy uncertainty is evaluated to be 0.7%, following Ref. [62]. This affects the exclusive 
cross-sections by 0.4% and is considered as a systematic effect. The impact of the non-zero crossing 
angles of the LHC beams at the ATLAS interaction point is estimated by applying a relevant Lorentz 
transformation to generator-level lepton kinematics for signal MC events. This results in a 0.3% variation 
and is taken as a systematic uncertainty. 

The effect of QED FSR is predicted to be small (below 1%) in exclusive yy —> reactions [63]. 

However, as experimental corrections for electrons are derived from Z/y* —> e'''e~ and IT —> ev processes 
including significant QED ESR effects, these corrections may not be directly applicable to the exclusive 
dilepton signal MC events without QED ESR simulation. A possible bias in the electron efficiencies 
is studied by comparing DY e‘''e“ MC events with and without QED ESR photons being emitted. The 
observed difference in the efficiency to trigger, reconstruct and identify electron pairs is 0.8%, which is 
taken as a systematic uncertainty. 

Additional tests of the maximum-likelihood fit stability are performed by comparing different bin widths 
and fit ranges. Starting from the nominal number of 30 bins in the fit range 0 < 1 - \t^cl)t+i-\ jn < 0.06, 
variations of the bin width (0.002 ± 0.001) and fit range from [0, 0.03] to [0, 0.09] produce relative 
changes of at most 0.9%. Since these variations are strongly correlated with the statistical uncertainties, 
no additional systematic uncertainty is assigned in this case. 

Table 2 summarises the contributions to the systematic uncertainty on the exclusive cross-sections from 
the different sources. The total systematic uncertainty is formed by adding the individual contributions 
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in quadrature for each analysis channel, including the uncertainty on the integrated luminosity. Control 
distributions of the dilepton transverse momentum for events satisfying the selection criteria listed in 
Table 1 are shown in Figure 3, with the exclusive and single-dissociative yields normalised according 
to the fit results. Here an additional cut on the dilepton acoplanarity (1 - |A(;6^+^-| jn < 0.008) is used, 
instead of the cut on total transverse momentum <1.5 GeV). The MC predictions for the shapes 
of dilepton distributions are found to be in good agreement with the data. 


200, . 

; ATLAS 

is = 7 TeV, 4.6 fb ' 



Data 2011 
syst. uncertainty 
Exclusive Y7^e*e' 
Single-diss.7Y^e*e' 

I I Double-diss.77-»e*e' 
I I 

Exclusive selection 
1-|A(l)_|/7r< 0.008 



(b) 


Figure 3: Control distributions of (a) the di-electron and (b) the di-muon transverse momentum for events passing 
the exclusivity veto together with the other selection criteria described in Section 5, and passing a cut on the dilepton 
acoplanarity (1 - |A0f+f-| jn < 0.008), instead of the total ttansverse momentum. Data are shown as points with 
statistical error bars, while the histograms, in top-to-bottom order, represent the simulated exclusive signal, and 
the single-dissociative, double-dissociative and DY backgrounds. Systematic uncertainties on the signal events 
are shown by the black-hashed regions. The exclusive and single-dissociative yields are determined from the fit 
described in the text. 


7 Results and comparison to theory 

The exclusive yy —> cross-sections reported in this article are restricted to the fiducial regions 

defined in Table 3. The event selection results in an acceptance times efficiency of 19% for the electron 
channel and 32% for the muon channel. The fiducial cross-sections are given by the product of the 
measured signal scale factors by the exclusive cross-sections predicted, in the fiducial region considered, 
by the EPA calculation: 

excl. _ pexcl. 

- ^yy^i^i- ' (Jyy^i+i^ * 

For the e''‘e“ channel, 

- 0.863 ± 0.070 (stat.) + 0.037 (syst.) ± 0.015 (theor.), 

77—e 

^ 0.496 ± 0.008 (theor.) pb . 

The theoretical uncertainties are fully correlated between _ and cancel each other 

J yy—^Q+Q yy_>e+e > 

in the cross-section extraction procedure. They are related to the proton elastic form-factors (1.6%) and to 
the higher-order electroweak corrections [63] not included in the calculations (0.7%). The proton form- 
factor uncertainty is conservatively estimated by taking the full difference between the calculations using 
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Table 3: Definition of the electron and muon channel fiducial regions for which the exclusive cross-sections are 
evaluated. 


Variable 

Electron channel 

Muon channel 

Pj 

> 12 GeV 

> 10 GeV 

\ri'\ 

< 2.4 

< 2.4 

rtit+e- 

> 24 GeV 

> 20 GeV 


the standard dipole form-factors and the improved model parameterisation including pQCD corrections 
from Ref. [60]. The latter includes a fit uncertainty and the prediction furthest away from the dipole 
form-factors is chosen. 

Similarly, for the channel, 

- 0.791 ± 0.041 (stat.) ± 0.026 (syst.) ± 0.013 (theor.) , 

= 0.794 ± 0.013 (theor.) pb . 

The resulting fiducial cross-seclion for fhe elecfron channel is measured fo be 

^ 0.428 ± 0.035 (sfaf.) ± 0.018 (sysf.) pb . 

This value can be compared fo fhe fheorefical prediction, including absorpfive correcfions fo accounf for 
the finite size of the proton [ 10 ]: 

^EPA, corr. ^ q 393 ^ q (thcor.) pb . 

For the muon channel, the fiducial cross-secfion is measured fo be 

-0.628 ± 0.032 (sfaf.) ± 0.021 (sysf.) pb , 

fo be compared wifh [ 10 ]: 

ofyX"" - 0.638 ± 0.011 (fheor.)pb . 

The uncertainly of each prediction includes an addifional 0.8% uncerfainfy related fo fhe modelling of 
proton absorpfive correcfions. If is evalualed by varying fhe effective Iransverse size of fhe prolon by 3%, 
according to Ref. [64]. Figure 4 shows fhe rafios of fhe measured cross-seclions fo fhe EPA calculafions 
and fo the prediction with the inclusion of absorptive corrections. The measurements are in agreement 
with the predicted values corrected for proton absorptive effects. The figure includes a similar CMS 
cross-section measuremenf [18]. 


8 Conclusion 

Using 4.6 fb“^ of dafa from pp collisions af a cenlre-of-mass energy of 7 TeV fhe fiducial cross-sections 
for exclusive yy —> {£ - e, p) reacfions have been measured wifh fhe ATLAS defector af fhe 

LHC. Comparisons are made to fhe Iheory prediclions based on EPA calculafions, as included in fhe Her- 
wiG-P-i- MC generafor. The corresponding dafa-fo-EPA signal rafios for fhe election and muon channels 
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i stal. uncertainty 
t stat. © syst. uncertainty 


I theo. uncertainty 


CMS 40 pb'’ H — 

>11.5 GeV, p' > 4 GeV, |n*'| < 2.1) 


I 


ATLAS yy^ 6*6 1 4.6 fb'^ 

(m > 24 GeV, p" > 12 GeV, \rf\ < 2.4) 



ATLAS YY^l^Vi 4.6 fb'’ 

{m _ > 20 GeV, p!|^ > 10 GeV, < 2.4) 



ATLAS \^ = 7 TeV 


„EPA ^ 

nominal 

0.794 pb 


0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 

/ _epa 
“ ' '’nominal 


Figure 4: Comparison of the ratios of measured (red points) and predicted (solid green lines) cross-sections to the 
uncorrected EPA calculations (black dashed line). Results for the muon and electron channels are also compared 
with a similar CMS measurement [18]. The inner red error bar represents the statistical error, and the blue bar rep¬ 
resents the total error on each measurement. The yellow band represents the theoretical uncertainty of 1.8% (1.7%) 
on the predicted (uncorrected EPA) cross-sections, assumed to be uniform in the phase space of the measurements. 


are consistent with the recent CMS measurement and indicate a suppression of the exclusive production 
mechanism in data with respect to EPA prediction. The observed cross-sections are about 20% below the 
nominal EPA prediction, and consistent with the suppression expected due to proton absorption contri¬ 
butions. The MC predictions for the shapes of the dilepton kinematic distributions, including both the 
exclusive signal and the background dominated by two-photon production of lepton pairs with single¬ 
proton dissociation, are also found to be in good agreement with the data. With its improved statistical 
precision compared to previous measurements, this analysis provides a better understanding of the phys¬ 
ics of two-photon interactions at hadron colliders. 
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M. Ikeno®®, Y. Ilehenko®'’^, D. Iliadis'®^, N. Ilie'^®, T. Inee'®', G. Introzzi'®'^’'®'®, P. loannou^, 

M. lodiee'®^^, K. lordanidou®®, V. Ippolito®’, A. Irles Quiles'®’, C. Isaksson'®®, M. Ishino®^, 
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M. Ishitsuka'^^, R. Ishmukhametov^^', C. Issever^^*’, S. Istin^^^*, J.M. Iturbe Ponce*^, R. 

J. Ivarsson*^, W. Iwanski^^, H. Iwasaki^^, J.M. Izen^^, V. S. Jabbar^, B. Jackson^^^, 

M. Jackson’^, P. Jackson^ M.R. Jaekel^*’, V. Jain^, K. Jakobs^^, S. Jakobsen^°, T. Jakoubek^^’, 

J. Jakubek'^^, D.O. Jamin^^"^, D.K. Jana^^, E. Jansen’^, R. Jansky®^, J. Janssen^\ M. Janus^’*’, 

G. Jarlskog^\ N. Javadov^^’^, T. Javurek^^, L. Jeanty^^, J. Jejelava^^^’'', G.-Y. Jeng^^°, D. Jennens^*, 

P. Jenni^^’-*, J. Jentzsch^^, C. Jeske^^*^, S. Jezequel^, H. J. Jia^^^, Y. Jiang^^'’, S. Jiggins^^, 

J. Jimenez Pena*^^, S. Jin^^^, A. Jinaru^^^^, O. Jinnouehi*^^, M.D. Joergensen^^, P. Johansson'^^, 

K. A. Johns^, K. Jon-And^^^^’^^^'’, G. Jones'^*^, R.W.L. Jones^^, T.J. Jones^^, J. Jongmanns^*^, 

PM. Jorge^^^®’^^^*’, K.D. Joshi^^, J. Jovieevie^^^^, X. C.A. Jung^^, P. Jussel^^, A. Juste Rozas^^’°, 

M. Kaei^^’, A. Kaezmarska^^, M. Kado^^^, H. Kagan^^^, M. Kagan^^^, S.J. Kahn*^, E. Kajomovitz^^, 

C. W. Kalderon^^°, S. Kama"^°, A. Kamenshehikov^^*^, N. Kanaya^^^, S. Kaneti^^, V.A. Kantserov^^, 

J. Kanzaki^^, B. Kaplan^^*^, E.S. Kaplan^^^, A. Kapliy^\ D. Kar^^, K. Karakostas^°, A. Karamaoun^, 

N. Karastathis^*’’^^^, M.J. Kareem^^, M. Karnevskiy^^, S.N. Karpov^^, Z.M. Karpova^^, K. Karthik^^°, 

V. Kartvelishvili^^, A.N. Karyukhin'^®, E. Kashif'^^, R.D. Kass^^\ A. Kastanas^"^, Y. Kataoka^^^, 

A. Katre^^, J. Katzy"^^, K. Kawagoe™, T. Kawamoto^^^, G. Kawamura^"*, S. Kazama^^^, 

V.E. Kazanin^*^^’'^, R. Keeler^^^, R. Kehoe^*^, J.S. Keller^^, J.J. Kempster^’, H. Keoshkerian^^, 

O. Kepka^^’, B.P Kersevan^^, S. Kersten^^^, R.A. Keyes*^, E. Khalil-zada^', H. Khandanyan'^^®’^^^*’, 

A. Khanov^'^, A.G. Kharlamov^®^’^^, T.J. Khoo^*, V. Khovanskiy^^, E. Khramov^^, J. Khubua^^'’’^ 

H. Y Kim^ H. 3 H Kim^^o, Y. Kim^^, N. Kimura^54^ q jy[ Kind^^ B.T. King^^^ 

M. King'^’, S.B. King^^^, J. Kirk^^\ A.E. Kiryunin^°\ T. Kishimoto^^, D. Kisielewska^^^, E. Kiss"^^, 

K. Kiuehi'^'^, O. Kivernyk^^^, E. Kladiva'^^’’, M.H. Klein^^, M. Klein’^, U. Klein^"^, K. Kleinkneeht^^, 

P. Klimek'^^®’^^^*’, A. Klimentov^^, R. Klingenberg^^, J.A. Klinger^^^, T. Klioutehnikova^**, 

E.-E. Kluge^^®, P. Kluit^®’, S. Kluth^‘’\ J. Knapik^^, E. Kneringer^^, E.B.E.G. Knoops^^, A. Knue^^, 

A. Kobayashi^^^, D. Kobayashi^^^, T. Kobayashi^^^, M. Kobel^"^, M. Koeian^^^, P. Kodys^^^, T. Koffas^^, 
E. Koffeman^*’^, E.A. Kogan^^°, S. Kohlmann^^^, Z. Kohout^^^, T. Kohriki^^, T. Koi^^^, H. Kolanoski^^, 

I. Koletsou^, A.A. Komar^^’*, Y. Komori^^^, T. Kondo^^, N. Kondrashova^^, K. Kbneke^^, 

A.G. Kbnig^°^, T. Kono^^, R. Konoplieh'^°’“, N. Konstantinidis’^, R. Kopeliansky^^^, S. Koperny^^^*, 

E. Kbpke^^, A.K. Kopp^^, K. KoreyP^, K. Kordas^^^, A. Korn’^, A.A. Korol^*’^’'^, I. Korolkov^^, 

E.V. Korolkova^^^, O. Kortner^*’^ S. Kortner^°\ T. Kosek^^^, V.V. Kostyukhin^^, V.M. Kotov^^, 

A. Kotwal^^, A. Kourkoumeli-Charalampidi^^^, C. Kourkoumelis^, V. Kouskoura^^, A. Koutsman^^^^, 

R. Kowalewski^^^, T.Z. Kowalski^^®, W. Kozaneeki^^^, A.S. Kozhin^^°, V.A. Kramarenko^^, 

G. Kramberger^^, D. Krasnopevtsev^*, M.W. Krasny^°, A. Krasznahorkay^*’, J.K. Kraus^^, 

A. Kravehenko^^, S. Kreiss'^*^, M. Kretz^^'^, J. Kretzsehmar^^, K. Kreutzfeldt^^, P. Krieger^^*, 

K. Krizka^^, K. Kroeninger^^, H. Kroha^*^^ J. Kroll^^^, J. Kroseberg^\ J. Krstie^^, U. Kmehonak^^, 

H. Kriiger^^, N. Kmmnaek^^, A. Kruse^^^, M.C. Kruse^^, M. Kruskal^^, T. Kubota*^, H. Kueuk’^, 

S. Kuday'^’’, S. Kuehn^^ A. Kugel^^^ E Ruger^^^^, A. Kuhl^^^, T. Kuhl^^, V. Kukhtin^^ Y. Kulehitsky'^^^ 
S. Kuleshov^^’’, M. Kuna^^^®’^^^*’, T. Kunigo^^, A. Kupeo^^^, H. Kurashige^’, YA. Kuroehkin^^, 

V. Kus*^^, E.S. Kuwertz^^^, M. Kuze^^^, J. Kvita^^^, T. Kwan^^^, D. Kyriazopoulos^^^, A. Ea Rosa^^^, 

J. E. Ea Rosa Navarro^^‘^, E. Ea Rotonda^^^’^^*’, C. Eaeasta^^^, E. Eaeava'^^®’^^^*’, J. Eaeey^^, H. Eaeker'^, 

D. Eaeour^*’, V.R. Eaeuesta^^^, E. Eadygin^^, R. Eafaye^, B. Eaforge***, T. Eagouri^^^, S. Eai^^, 

E. Eambourne’^, S. Eammers^', C.E. Eampen^, W. Eampl^, E. Eanfon^^^, U. Eandgraf"^^, 

M.P.J. Eandon^^, V.S. Eang^^^, J.C. Eange^^, A.J. Eankford^^^, E. Eanni^^, K. Eantzsch^*’, A. Eanza^^^^, 
S. Eaplaee^*^, C. Eapoire^*’, J.E. Eaporte'^^, T. Eari^'^, E. Easagni Manghi^*’^’^^'’, M. Eassnig^*^, 

P. Eaurelli^^, W. Eavrijsen^^, A.T. Eaw^^^, P. Eayeoek^^, T. Eazovieh^^, O. Ee Dortz^°, E. Ee Guirriee^^, 
E. Ee Menedeu^^, M. EeBlane^^^, T. EeCompte^, E. Eedroit-Guillon^^, C.A. Eee^^^'’, S.C. Eee^^\ 

E. Eee^, G. Eefebvre^*^, M. Eefebvre^^^, E. Eegger^®*’, C. Eeggett^^, A. Eehan^^, G. Eehmann Miotto^*^, 
X. Eei’, W.A. Eeight^^, A. Eeisos^^"^’", A.G. Eeister^^^, M.A.E. Eeite^^‘*, R. Eeitner^^^, D. Eelloueh^^^, 
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B. Lemmer^^, KJ.C. Leney’^, T. Lenz^\ B. Lenzi^*^, R. Leone^, S. LeoneC. Leonidopoulos^^, 
S. Leontsinis^*’, C. Leroy^^, C.G. Lester^^, M. Levehenko^^^, J. Leveque^, D. Levin^^, LJ. Levinson^^^, 

M. Levy^^, A. Lewis^^°, A.M. Leyko^', M. Leyton^\ B. H. H.L. Li^\ L. Li^^, L. 

S. Li^^, Y. Z. Liang^^^, H. Liao^^, B. Liberti^^^^, A. Liblong^^^, P. Liehard^*^, K. Lie^^^, 

J. Liebal^^ W. Liebig^"^, C. Limbaeh^^, A. Limosani^^*’, S.C. T.H. Lin*^, F. Linde^®^, 

B.E. Lindquist^^^, J.T. Linnemann^*’, E. Eipeles^^^, A. Eipniaeka^^, M. Eisovyi^^’’, T.M. Eiss^^^, 

D. Eissauer^s, A. Eister*^^ A.M. Eitke^^^, B. D. Uu^^\ H. Eiu^‘’, J. Eiu^^ J.B. Eiu^^b, 

K. Eiu^^, E. Eiu^^^, M. Eiu^^, M. Eiu^^'’, Y. Eiu^^’’, M. Eivan^^^‘‘’^^^’’, A. Eleres^^, J. Elorente Merino^^, 
S.E. Eloyd’^, E. Eo Sterzo^^\ E. Eobodzinska^^, P. Eoeh^, W.S. Eoekman^^^, EK. Eoebinger*^, 

A.E. Eoevsehall-Jensen^^, A. Eoginov^^^, T. Eohse^^, K. Eohwasser^^, M. Eokajieek^^’, B.A. Eong^^, 
J.D. Eong^^, R.E. Eong^^, K.A. Eooper^'\ E. Eopes^^^^, D. Eopez Mateos^^, B. Eopez Paredes^^^, 

I. Eopez Paz^^, J. Eorenz^*’®, N. Eorenzo Martinez^\ M. Eosada^^^, P. Eoseutoff^^, PJ. Ebsel^°*’, 

X. Eou^^^*, A. Eounis'^^, J. Eove^, PA. Eove^^, N. Eu*^, H.J. Eubatti^^*, C. Euei^^^‘‘’^^^'’, A. Eueotte^^, 

E. Euehring^^, W. Eukas^^, E. Euminari^^^®, O. Eundberg^^^‘‘’^^^'’, B. Eund-Jensen'"^^, D. Eynn^^, 

R. Eysak^^^, E. Eytken^^, H. Ma^^, E.E. Ma^^‘^, G. Maeearrone'^^, A. Maeehiolo^*^^ C.M. Maedonald'^^, 

J. Maehado Miguens^^^’^^^*’, D. Maeina^*’, D. Madaffari^^, R. Madar^^, H.J. Maddoeks^^, W.E Mader"*^, 
A. Madsen'^^, S. Maeland'^, T. Maeno^^, A. Maevskiy^^, E. Magradze^^, K. Mahboubi^^, 

J. Mahlstedt^o\ C. Maianii^^, c. Maidantehik^^^ A.A. Maier^°i, T. Maier'°°, A. Maioi 26 a,i 26 b,i 26 d^ 

S. Majewski^^^, Y. Makida^^, N. Makovee^^’, B. Malaeseu^°, Pa. Maleeki^^, V.P Maleev^^^, E. Malek^^, 

U. Mallik^^, D. Malon^, C. Malone^^^, S. Maltezos^°, V.M. Malyshev^*’^, S. Malyukov^°, J. Mamuzie^^, 
G. Maneini^^, B. Mandelli^*’, E. Mandelli^^®, I. Mandic^^, R. Mandryseh^^, J. Maneira^^^^’^^^’’, 

A. Manfredini^*’^ E. Manhaes de Andrade Eilho^^*’, J. Manjarres Ramos^^^'’, A. Mann^*’®, 

PM. Manning^^’, A. Manousakis-Katsikakis^, B. Mansoulie^^^, R. Mantifel^^, M. Mantoani^"^, 

E. Mapelli^*^, E. Mareh^^^‘^, G. Marehiori^*^, M. Mareisovsky^^^, C.P Marino^®, M. Marjanovie^^, 

D. E. Marley^^, E. Marroquim^^^, S.P Marsden*^, Z. Marshall^^, E.E. Marti^^, S. Marti-Gareia^^’, 

B. Martin^®, T.A. Martin^™, V.J. Martin^^, B. Martin dit Eatour^^, M. Martinez^^’®, S. Martin-Haugh^^\ 

V. S. Martoiu^^^, A.C. Martyniuk^*, M. Marx^^^, E. Marzano^^^^, A. Marzin^®, E. Masetti^^, 

T. Mashimo^^^, R. Mashinistov^^, J. Masik^"^, A.E. Maslennikov^°^’^, I. Massa^*’^’^^*’, E. Massa^’^®’^®'’, 

N. Massol^, P. Mastrandrea^^^, A. Masttoberardino^’^’^^*’, T. Masubuehi^^^, P. Mattig^^^, J. Mattmann^^, 

J. Maurer^^^*, S.J. Maxfield^^, D.A. Maximov^*’^’^', R. Mazini'^^, S.M. Mazza^^®’^^’’, 

E. Mazzaferro^^^^’^^^'’, G. Me Goldriek^^^, S.P. Me Kee^^, A. MeCarn^^, R.E. MeCarthy^^^, 

T.G. MeCarthy^^, N.A. MeCubbin^^^, K.W. MeEarlane^^’*, J.A. Mefayden^^, G. Mehedlidze^^, 

S.J. MeMahon^^^, R.A. MePherson^^^’*^, M. Medinnis^^, S. Meehan^^^^, S. Mehlhase^*'*’, A. Mehta’^, 

K. Meier^^^*, C. Meineek^°°, B. Meirose^\ B.R. Mellado Gareia^^^^^, E Meloni'^, A. Mengarelli^‘^‘*’^°'’, 

S. Menke^°^, E. Meoni^^^, K.M. Mereurio^’, S. Mergelmeyer^^, P. Mermod^^, E. Merola'*’^®'^*’^*’, 

C. Meroni^'®, ES. Merritt^^, A. Messina^^^®’'^^*’, J. Metealfe^^, A.S. Mete^^^, C. Meyer^^, C. Meyer^^^, 
J-P. Meyer^^^, J. Meyer^*^^, R.P Middleton^^^, S. Miglioranzi^^^‘*’^^^‘^, E. Mijovic^\ G. Mikenberg^^^, 

M. Mikestikova^^^, M. Mikuz’^, M. Milesi^*, A. Milie^°, D.W. Miller^^, C. Mills^^, A. Milov^^^, 

D. A. Milstead^^^^’^^^'’, A.A. Minaenko^^*’, Y. Minami^^^, I.A. Minashvili^^, A.I. Mineer^^*’, 

B. Mindur^^^, M. Mineev^^, Y. Ming^^^, E.M. Mir^^, T. Mitani^’\ J. Mittevski'*’®, V.A. Mitsou^^^, 

A. Miueei^^, PS. Miyagawa^^^, J.U. Mjbrnmark^^, T. K. Moehizuki^^, S. Mohapatta^^, 

W. Mohr"^^, S. Molander^^^^’^^^^, R. Moles-Valls^^, K. Mbnig^^, C. Monini^^, J. Monk^^, E. Monnier^^, 
J. Montejo Berlingen^^, E. Montieelli^', S. Monzani^^^‘‘’^^^’’, R.W. Moore^, N. Morange^^’, 

D. Moreno'^^, M. Moreno Elaeer^^, P. Morettini^*’^*, M. Morgenstern^^, D. Mori'^^, M. Morii^^, 

M. Morinaga^^^, V. Morisbak^^^, S. Moritz^^, A.K. Morley^^*^, G. Mornaeehi^°, J.D. Morris^^, 

S.S. Mortensen^^, A. Morton^^, E. Morvaj^*^^, M. Mosidze^^'’, J. Moss^^^ K. Motohashi^^^, 

R. Mount^^^, E. Mountrieha^^, S.V. Mouraviev^^ *, E.J.W. Moyse*^, S. Muanza^^, R.D. Mudd^^, 
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F. Mueller^*’', J. Mueller^^^, R.S.P. Mueller^*^®, T. Mueller^*, D. Muenstermann^^, P. Mullen^^, 

G. A. Mullier^^, J.A. Murillo Quijada^^, WJ. MurrayH. Musheghyan^^, E. Musto^^^, 

A.G. Myagkov^^°’“, M. Myska^^^, O. Nackenhorst^"*, J. Nadal^^, K. Nagai^^*^, R. Nagai^^^, Y. Nagai^^, 
K. Nagano^^, A. Nagarkar^^^, Y. Nagasaka^^, K. Nagata^^°, M. Nagel^*’', E. Nagy^^, A.M. Nairz^*^, 

Y Nakahama^'^, K. Nakamura^^, T. Nakamura'^^, I. Nakano^^^, H. Namasivayam"*^, 

R.E Naranjo Garcia^^, R. Narayan^^, T. Naumann^^, G. Navarro^^^, R. Nayyar^, H.A. Neal^^, 

PYu. Nechaeva^^, TJ. Neep^^, PD. Nef^^^, A. Negri^^^^’^^^'’, M. Negrini^®^, S. Nektarijevic^^^, 

C. Nellist^^^, A. Nelson^^^, S. Nemecek'^^, P Nemethy'^*^, A.A. Nepomuceno^^^*, M. Nessi^*^’'^*, 

M.S. Neubauer^®^, M. Neumann^^^, R.M. Neves^^°, P Nevski^^, PR. Newman^^, D.H. Nguyen^, 

R. B. Nickerson*^®, R. Nicolaidou^^^, B. Nicquevert^°, J. Nielsen^^’, N. Nikiforou^^, A. Nikiforov^^, 

V. NikolaenkoI. Nikolic-Audit^°, K. Nikolopoulos^^, J.K. Nilsen^^^, P. Nilsson^^, Y. Ninomiya^^^, 
A. Nisati^^^^, R. Nisius^*^\ T. Nobe^^^, M. Nomachi^^^, I. Nomidis^^, T. Nooney^^, S. Norberg^^^, 

M. Nordberg^°, O. Novgorodova^^, S. Nowak^*’', M. Nozaki^^, E. Nozka'^^, K. Ntekas^®, 

G. Nunes Hanninger^*, T. Nunnemann^*’^, E. Nurse^^, E. Nuti*^, B.J. O’Brien^^, E. O’grady^, 

D. C. O’Neil^^^, V. O’Shea^^, EG. Oakham^^’'^, H. Oberlaek^®^, T. Obermann^^, J. Oeariz^°, A. Oehi^^, 

I. Oehoa^^ J.P Oehoa-Rieoux^^^ S. Oda™, S. Odaka^^ H. Ogren^', A. Oh^^, S.H. C.C. Ohm'^ 

H. Ohman^^^, H. Oide^*^, W. Okamura^^^, H. Okawa^^°, Y. Okumura^^, T. Okuyama^^, A. Olariu^^^, 

S. A. Olivares Pino^^, D. Oliveira Damazio^^, E. Oliver Gareia^^^, A. Olszewski^^, J. Olszowska^^, 

A. Onofre^^^®’^^^®, P.U.E. Onyisi^^’^, C.J. Oram^^^^, M.J. Oreglia^^, Y. Oren^^^, D. Orestano^^^^’^^^'’, 

N. Orlando'^^, C. Oropeza Barrera^^, R.S. Orr^^^, B. Oseulati^®^'^*’’’, R. Ospanov^^, 

G. Otero y Garzon^^, H. Otono™, M. Ouehrif^^^‘*, E.A. Ouellette^^^, E. Ould-Saada^^^, A. Ouraou^^^, 
K.P Oussoren^®’, Q. Ouyang^^®, A. Oveharova^^, M. Owen^^, R.E. Owen^^, V.E. Ozean^^^*, N. Ozturk^, 
K. Paehal^^^, A. Paeheeo Pages^^, C. Padilla Aranda^^, M. Pagacova^*, S. Pagan Griso^^, E. Paganis^^^, 

E. Paige^^, P. Pais^^, K. Pajehel^'^, G. Palaeino^^^’’, S. Palestini^°, M. Palka^^’’, D. Pallin^^, 

A. Palma^^^‘*’^^^’’, YB. Pan^’^, E. Panagiotopoulou^®, C.E. Pandini^*’, J.G. Panduro Vazquez’^, 

P. Pani^^^^d46b^ Panitkin^^, D. Pantea^^^, E. Paolozzi^^, Th.D. Papadopoulou'*^, K. Papageorgiou^^"*, 

A. Paramonov®, D. Paredes Hernandez^^^, M.A. Parker^^, K.A. Parker^^^, E. Parodi^°‘‘’^‘^’’, 

J. A. Parsons^^, U. Parzefall^^, E. Pasqualueei^^^®, S. Passaggio^°^, E. Pastore^^^^’^^^'’’*, Er. Pastore^^, 

G. Pasztor^^, S. Pataraia^^^, N.D. Patel^^*’, J.R. Pater*^, T. Pauly^*^, J. Pearee^^^, B. Pearson^^^, 

E.E. Pedersen^^, M. Pedersen^S. Pedraza Eopez^^^, R. Pedro^^^‘‘’^^^'’, S.V. Peleganehuk^*^^’*^, 

D. Pelikan^^^, O. Pene^^^, C. Peng^^®, H. Peng^^'’, B. Penning^', J. Penwell^\ D.V. Perepelitsa^^, 

E. Perez Codina^^^^, M.T. Perez Gareia-Estan^^’, E. Perini^^^’^^*’, H. Pernegger^°, S. Perrella^*’^^’^*^^'’, 

R. Pesehke^^, V.D. Peshekhonov^^, K. Peters^*^, R.E.Y Peters^^, B.A. Petersen^®, T.C. Petersen^^, 

E. Petit^^, A. Petridis'^^®’^^^*’, C. Petridou^^^, P. Petroff'^^, E. Petrolo^^^^, E. Petrueei^^^®’^^^*’, 

N.E. Pettersson^^^, R. Pezoa^^*’, PW. Phillips^^^ G. Piaequadio^^^, E. Pianori^™, A. Pieazio^^, 

E. Pieearo^^, M. Pieeinini^^^’^*^*’, M.A. Piekering^^**, R. Piegaia^^, D.T. Pignotti'^\ J.E. Pileher^\ 

A.D. Pilkington^^^ j p^^^u6a,mb,n6d^ Pinamonti^6^“’'64‘=’"'^ J.E. Pinfold^, A. Pingel^^, B. Pintoi^Sa, 

S. Pires^*^, H. Pirumov^^, M. Pitt^^^, C. Pizio^^®’^^’’, E. Plazak^^^®, M.-A. Pleier^^, V. Pleskot^^^, 

E. Plotnikova^^, P. Plueinski'^^®’^^^*’, D. Pluth®^, R. Poettgen^^^^’^^^*’, E. Poggioli^^’, D. Pohl^^, 

G. Polesello^ 2 ia^ ^ Poley^^, A. Polieieehio3^‘'’37b^ Polifka'^^, A. Polini20^ C.S. Pollard^^ 

V. Polyehronakos^^, K. Pommes^'^, E. Ponteeorvo'^^^, B.G. Pope^°, G.A. Popeneeiu^^*’, D.S. Popovie^^, 
A. Poppleton^*^, S. Pospisil^^^, K. Potamianos^^, I.N. Potrap^^, C.J. Potter^^^, C.T. Potter^ 

G. Poulard^*’, J. Poveda^*^, V. Pozdnyakov^^, P. Pralavorio^^, A. Pranko^^, S. Prasad^*’, S. Prell^^, 

D. Priee^^, E.E. Priee^, M. Primavera^^^, S. Prinee^^, M. Proissl^^, K. Prokofiev^*’‘^, E. Prokoshin^^'’, 

E. Protopapadaki^^^, S. Protopopeseu^^, J. Proudfoot^, M. Przybyeien^^^, E. Ptaeek^^^, 

D. Puddu^^^‘*’^^^’’, E. Puesehel*^, D. Puldon^^^, M. Purohit^^’“^, P. Puzo^^^, J. Qian^^, G. Qin^^, Y. Qin^^, 
A. Quadt^^, D.R. Quarrie^^, W.B. Quayle^^"^^’^^^*’, M. Queitseh-Maitland^"^, D. Quilty^^, S. Raddum^^^, 
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V. Radeka^^, V. Radescu^^, S.K. Radhakrishnan^^^, R Radloff^^®, P. Rados*^, F. Ragusa^^^’^^^, 

G. Rahal'^^, S. Rajagopalan^^, M. Rammensee^*^, C. Rangel-Smith^^^, F. Rauscher^®*^, S. Rave^^, 

T. Ravenscroft^^, M. Raymond^*^, A.L. Read^^^, N.P. ReadiofF^^, D.M. Rebuzzi^^^®’^^'*’, 

A. Redelbach'^^, G. Redlinger^^, R. Reece^^’, K. Reeves^\ L. Rehnisch^^, H. Reisin^^, M. Relich^^^, 

C. Rembser^*’, H. Ren^^^, A. Renaud^^^, M. Rescigno^^^^*, S. Resconi^^^, O.L. Rezanova^*’^’'^, 

P Reznicek^^^, R. Rezvani^^, R. Richter^®^, S. Richter^*, E. Richter-Was^**’, O. Ricken^^, M. Ridel^*^, 

P Rieck^^, CJ. Riegel^^^, J. Rieger^^, M. Rijssenbeek^^^, A. Rimoldi^^^‘‘’^^^’’, L. Rinaldi^*^^*, B. Ristic^^, 
E. Ritsch^*^, L Riu^^, E. Rizatdinova^^^, E. Rizvi’^, S.H. Robertson*^A. Robichaud-Veronneau^^, 

D. Robinson^*, J.E.M. Robinson"^^, A. Robson^^, C. Roda^^^^’^^^'’, S. Roe^*’, O. R 0 hne^'^, S. Rolli^^^ 

A. Romaniouk^^, M. Romano^*^®’^*^'’, S.M. Romano Saez^^, E. Romero Adam^^^, N. Rompotis^^^, 

M. Ronzani^^, E. Roos^°, E. Ros^^’, S. Rosati^^^^^, K. Rosbach^^, P Rose^^’, PE. Rosendahl^^, 

O. Rosenthal^^i, V. Rossetti^^^'‘’i^ 6 ‘’, E. Rossil°4'‘’l°‘^^ E.P Rossi^°^ R. Rosten^^s^ jyj Rotaru^^^, 

L Roth^^^, J. Rothberg^^^, D. Rousseau^^’, C.R. Royon^^^, A. Rozanov*^, Y. Rozen^^^, X. Ruan^^^*^, 

E. Rubboi'^^ L Rubinskiy^^ V.L Rud‘’^ C. Rudolph^'^, M.S. Rudolph^^^ E Ruhr^^ A. Ruiz-Martinez^o, 
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